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SUMMARY Clinical symptoms of active tuberculosis (TB) can range from a sim-
ple cough to more severe reactions, such as irreversible lung damage and, even-
tually, death, depending on disease progression. In addition to its clinical pre-
sentation, TB has been associated with several other disease-induced systemic
complications, such as hyponatremia and glucose intolerance. Here, we provide
an overview of the known, although ill-described, underlying biochemical mech-
anisms responsible for the clinical and systemic presentations associated with
this disease and discuss novel hypotheses recently generated by various omics
technologies. This summative update can assist clinicians to improve the tenta-
tive diagnosis of TB based on a patient’s clinical presentation and aid in the de-
velopment of improved treatment protocols specifically aimed at restoring the
disease-induced imbalance for overall homeostasis while simultaneously eradicat-
ing the pathogen. Furthermore, future applications of this knowledge could be
applied to personalized diagnostic and therapeutic options, bettering the treat-
ment outcome and quality of life of TB patients.

KEYWORDS clinical symptoms, disease mechanisms, omics, systemic complications,
tuberculosis

INTRODUCTION

Active pulmonary tuberculosis (TB), a highly contagious disease caused by Myco-
bacterium tuberculosis infection, is currently the leading cause of death from a

single infectious pathogen. The latest reports indicate that approximately 7 million new
and relapse TB cases were reported globally in 2018, raising the total incidence to 10
million, and of these cases, almost 900,000 were HIV positive. In the same year, global
mortality reached 1.5 million, including 251,000 HIV-positive cases. Additionally, al-
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though 85% of the new cases reported in 2017 were successfully cured, 18% of
previously treated cases presented with drug-resistant TB in 2018 (1).

The clinical symptoms of pulmonary TB develop slowly and are nonspecific. These
may include a prolonged cough with mucus, pleuritic chest pain, hemoptysis, dyspnea,
wheezing, weakness or progressive fatigue, cachexia/weight loss, loss of appetite
(resulting in anorexia), chills/fever, night sweats, and malaise (2–5). Apart from these
well-known clinical symptoms, several other secondary systemic complications have
also been linked to TB, including increased oxidative stress, hyponatremia (6), hypo-
cholesterolemia (7), glucose intolerance (8), hematological manifestations (9), vitamin D
deficiency (10), and an altered host microbiota (11). The overall underlying biochemical
mechanisms leading to these TB-related symptoms and systemic complications are
rather ill described, and research on this topic is quite scarce and, if available, relatively
outdated. Recent technological advancements and evolving bioinformatics systems
have led to the development of more powerful research tools; hence, various research
groups have applied research approaches, such as metabolomics, to gain new insights
into TB disease (12). Such studies pertaining to the characterization of the metabolome
of TB patients have, mostly unintentionally, brought about a new perspective to the
underlying disease mechanisms. Here, we describe and summarize the current under-
standing (and the lack thereof) of the biochemical mechanisms leading to the clinical
presentations and systemic complications associated with active pulmonary TB. We also
discuss the contribution of new research approaches toward this existing pool of
knowledge and how it can be used to fill the remaining knowledge gaps.

A glossary of the medical terms referred to in this review is provided in Table 1, and
a graphical representation of the various lung regions, as specified in this glossary, is
provided in Fig. 1A.

BASIC PATHOPHYSIOLOGY OF PULMONARY TB

The basic pathophysiology of pulmonary TB is illustrated in Fig. 1B. TB is transmitted
from a patient with active disease to an uninfected individual through small M.
tuberculosis-containing aerosol droplets (typically, 1 to 5 �m in diameter), which are
expectorated by coughing, sneezing, or talking/singing (13). These droplets travel
through the respiratory tract, where most of the bacilli become trapped by mucus-
secreting goblet cells, which are tasked with blocking entry and/or removing foreign
entities. In some cases, however, these droplets can bypass this first-line mucociliary
defense system, allowing them to reach the upper aerated parts of the lungs. At this
point during infection, the host’s second-line/innate immune mechanisms may be
recruited, whereby alveolar macrophages engulf the infecting bacilli and attempt to
destroy these using various proteolytic enzymes and cytokines, such as tumor necrosis
factor alpha (TNF-�) and interferon gamma (IFN-�). This reaction signals T lymphocyte
transfer to the site of infection, initiating a cell-mediated immune response, which may
either eliminate the infecting organism or result in granuloma formation (13, 14). A
granuloma is a well-known pathological occurrence characterizing pulmonary TB and
can be defined as an amorphous mass of immune cells (macrophages, monocytes,
neutrophils, natural killer cells, etc.) aimed at restricting microbial spread (15, 16).
During early development, the granuloma is highly vascularized (via vascular endothe-
lial growth factor), with the blood vessels having an extensive lymphocytic cuff. As the
granuloma develops, macrophages differentiate into various morphotypes (such as
epithelioid cells, multinucleated giant cells, and foamy macrophages), resulting in a
stratified structure with a layer of lymphocytes aggregated outside a fibrous cuff
surrounding a macrophage-rich layer (17). This signifies a stable granuloma that,
although unable to eliminate the pathogen, contains the bacilli and that suppresses
progression to active disease in immunocompetent individuals. However, M. tubercu-
losis still proliferates in the healed lesions since the bacilli avoid death by modulating
the host immune system and blocking phagolysosomal fusion. Indeed, this process
creates a hospitable niche within these phagosomes for the bacilli to persist in a
nonreplicating or slowly replicating state, where they may survive for decades (18, 19).
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TABLE 1 Glossary

Terminology Definition

Anemia A decrease in the number or quality of red blood cells (RBC) or the level of hemoglobin in the body.
This may typically occur due to decreased RBC production, increased RBC destruction, or blood
loss. Although various forms of anemia exist, this review mentions only normocytic normochromic
anemia (the hemoglobin content of the RBC is within normal limits) and macrocytic anemia
(enlarged RBC).

Anorexia A medical condition or infection resulting in a lack of or a loss of appetite for food, leading to
considerable weight loss.

Aspergilloma/mycetoma A fungal clump of the Aspergillus genus present in a body cavity—the lung in the case of TB.
Aspergillomas occur as a complication of cavitary scarring caused by M. tuberculosis infection,
resulting in symptoms of cough, sputum hyperproduction, and hemoptysis.

Bronchial stenosis Uniform thickening of the bronchial wall, resulting in narrowed bronchial tubes and involvement of
a long segment of the bronchi.

Bronchiectasis Condition in which the bronchial tubes are permanently damaged, widened, and thickened, allowing
bacteria and mucus to build up and pool in the lungs. This complication commonly occurs in the
apical or posterior segments of the upper lobes of the lungs and is associated with post-primary
TB.

Bronchoesophageal fistula A fistulous communication (abnormal connection between two hollow spaces) between the
bronchus and esophagus that typically arises due to the granulomatous inflammatory processes of
the lymph nodes and that is indicated by air-fluid levels in the pleural space.

Broncholithiasis Presence of calcified necrotic material in the bronchi, originating from the lymph nodes and
resulting in airway obstruction.

Cachexia (wasting syndrome) Increased weight loss, muscle atrophy, fatigue, weakness, and anorexia in an individual who is not
intentionally trying to lose weight but rather which is due to a disease.

Dyspnea Difficult or labored breathing.
Empyema A rare TB complication characterized by a collection of thick pus and a calcified visceral pleura.

Empyema is more common in patients with a history of artificial pneumothorax (surgical
treatment to collapse the lung) or thoracoscopy (a minimally invasive procedure to visualize the
chest cavity). A combination of pleural effusions and cavitation may indicate tuberculous
empyema.

Erythema nodosum An acute, subcutaneous red nodular rash that usually occurs 3–8 wk after infection, i.e., at the time
of development of specific immunity. This hypersensitivity phenomenon may be due to increased
circulating levels of immune complexes and has been documented in �12% of all TB cases.

Erythrocyte sedimentation rate A hematology (blood) test to determine how quickly erythrocytes descend to the bottom of a
standardized test tube. This reaction is typically slow, and an increased erythrocyte sedimentation
rate can indicate inflammation.

Erythrocytes Red blood cells that contain hemoglobin and that transport oxygen and carbon dioxide to and from
tissue. Also see “erythropoiesis” and “erythropoietin response.”

Erythropoiesis Red blood cell (erythrocyte) production/formation. Also see “erythrocytes” and “erythropoietin
response.”

Erythropoietin response Erythropoietin is a hormone primarily produced by the kidneys, which plays a key role in red blood
cell production. An increase in this response leads to increased erythropoiesis, whereas a decrease
leads to anemia. Also see “erythrocytes” and “erythropoiesis.”

Fatigue Fatigue may include weakness, a lack of energy, constant tiredness or exhaustion, a lack of
motivation, and/or difficulty concentrating.

Fibrosing mediastinitis (sclerosing
mediastinitis; mediastinal
fibrosis)

The proliferation of dense fibrous tissue within the mediastinum (the membrane partition between
the lungs that contains the heart and its vessels, esophagus, trachea, phrenic and cardiac nerves,
thoracic duct, thymus, and the lymph nodes of the central chest), resulting in compression.

Hematological manifestations Blood/serum TB abnormalities.
Hematopoiesis Differentiation processes leading to the formation of all blood cells originating from hematopoietic

stem cells. In adults, hematopoiesis occurs mainly in the bone marrow, although it can also occur
in the liver, thymus, and spleen.

Hemoptysis Coughing up blood originating from the respiratory tract below the glottis.
Hyperkalemia Abnormally increased levels of potassium in the blood.
Hypoalbuminemia A decrease in albumin concentrations in the blood resulting from either decreased production,

increased loss, increased use, or an abnormal distribution. Hypoalbuminemia has been associated
with infection (sepsis), among other conditions.

Hypochloremia Abnormally decreased levels of the chloride ion in the blood.
Hypoferremia Abnormally decreased iron levels in the blood.
Hyponatremia Decreased blood sodium levels due to production of an antidiuretic hormone-like compound.
Leukocytosis An increase in leukocytes/white blood cells, typically due to an inflammatory response, commonly

associated with an underlying infection.
Leukopenia A decrease in leukocytes/white blood cells, resulting in an increased risk of infection. Also see

“monocytopenia.”
Lymphocytopenia A decrease in lymphocytes, white blood cells important for immune system functioning.

(Continued on next page)
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In this case, the host is asymptomatic and noninfectious (and is referred to as having
latent TB), and the lesions heal within 6 to 8 weeks. Current reports indicate that
one-third of the global population is infected with M. tuberculosis in this manner, and
most of these individuals (�90%) never manifest any signs of active disease in their
lifetime. Some granulomas show an increased accumulation of the caseum in its center,
subsequently losing its rigid integrity and rupturing via liquefactive necrosis, not only
releasing the contagious bacteria but also forming a cavity in the airway wall, contrib-
uting to the lung damage observed in TB patients (2). The bacteria are then able to
spread throughout the lungs and possibly the entire body, and active TB, the symp-
tomatic and highly infectious state of the disease, typically develops. Since lung
histology during active disease usually indicates granulomas in all stages of develop-
ment, disease progression from a latent state to an active state is determined, locally,
at the level of the granuloma (17). Although a detailed discussion of granuloma
formation is beyond the scope of this review, numerous publications related to this
topic are available and discuss both the host-driven processes and the role of the
pathogen (17, 20–23). In addition, research suggests that the pathogen-induced dys-
regulation of host lipid synthesis and the utilization thereof play a significant role in
disease transition, with foamy macrophages contributing to both bacterial persistence
and tissue pathology, resulting in cavitation (17). Thus, the severity and progression of
active disease are, at least in part, determined by the effectiveness of the host immune
response to limit bacterial replication. Although HIV coinfection is considered the

TABLE 1 (Continued)

Terminology Definition

Lymphocytosis An increase in lymphocytes, white blood cells important for immune system functioning.
Malaise An overall feeling of discomfort or illness. The exact cause is challenging to identify.
Monocytopenia This is a form of leukopenia associated with a decrease in monocytes. Also see “leukopenia.”
Monocytosis An increase in monocytes, i.e., white blood cells that differentiate into macrophages and dendritic

cells in the immune system.
Necrosis Cell or tissue death due to either disease, injury, or an insufficient blood supply.
Neutropenia A decrease in neutrophils, i.e., white blood cells that fight against bacterial and fungal infections.
Neutrophilia An increase in neutrophils, i.e., white blood cells that fight against bacterial and fungal infections.
Oncotic pleural pressure Osmotic pressure exerted by proteins in the plasma, which tends to draw water into the circulatory

system.
Pancytopenia An overall reduction in white blood cells, red blood cells, and platelets.
Pericardial effusion An abnormal accumulation of fluid around the heart, in the pericardial cavity.
Phlyctenular conjunctivitis An inflammation/redness confined to the lining of the eye’s sclera and below the eyelid

(conjunctiva), accompanied by small, red nodules of lymphoid tissue (phlyctenulae).
Pleural effusion An abnormal collection of fluid in the pleural space.
Pleurisy (pleuritic chest pain) The occurrence of pain when breathing, coughing, and/or sneezing. Some cases may present with a

cough, fever, and/or shortness of breath if the individual tries to minimize breathing.
Pulmonary cavitation Process starting with caseous lung necrosis, resulting in caseous pneumonia. This further causes

alveolar, septal, bronchus, and vessel destruction, forming cavities when the caseous pneumonia
regions liquefy, the contents of which are released during coughing. A cavity is composed of a
layer of necrosis overlying lipid pneumonia and may be surrounded by a collagen capsule
following tissue repair.

Pulmonary fibrosis Thickening, scarring, and stiffening of connective tissue, usually due to long-term injury.
Architectural changes occur when lung tissue is replaced with collagenous tissue.

Reactive polyarthritis A type of inflammatory joint disease (arthritis) due to bacterial infection which simultaneously affects
five or more joints.

Reticulocytosis An increase in reticulocytes, i.e., immature red blood cells. This is typically due to an overly active
attempt (by the bone marrow) to replace red blood cell loss, as in the case of anemia.

Reticuloendothelial (transfer) The reticuloendothelial system refers to circulating phagocytic cells (i.e., monocytes and
macrophages) involved in the host immune response. These cells phagocytose foreign materials
and particles, removing such complexes from the circulation and tissue. Reticuloendothelial cells
primarily acquire iron from heme via phagocytosis and the breakdown of aging red blood cells in
order to return iron to the circulation.

Thrombocytopenia A decrease in blood platelets (thrombocytes), which help blood clotting and prevent bleeding.
Thrombocytosis An increase in blood platelets (thrombocytes), which help blood clotting and prevent bleeding.
Tuberculous bronchopneumonia Inflammation of the bronchi due to TB.
Wheezing A high-pitched whistling sound made while breathing, which is often an indication of dyspnea.
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primary cause of TB activation, other conditions, such as malnutrition, chronic renal
failure, uncontrolled diabetes mellitus, sepsis, malignancy, chemotherapy, uncontrolled
alcohol use, smoking, drug addiction, and the immunosuppressive medication admin-
istered following organ transplants, may also trigger disease conversion from latent to

FIG 1 (A) Basic anatomy of the lungs. (B) The pathophysiology of M. tuberculosis infection. Following M. tuberculosis infection, the
bacilli reach the lungs (step 1), provoking a host immune response (step 2). This in turn leads to granuloma formation (step 3), which
typically suppresses the infection in its latent state (step 4a). However, reactivation can occur, resulting in an active disease state in
which the disease can spread to other individuals (step 4b).
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active TB (4, 13, 24). Unfortunately, the exact factors (whether environmental or
otherwise) and mechanisms contributing to disease transition remain enigmatic.

Primary versus Post-Primary Active Pulmonary TB: a Radiological View

Active/progressive pulmonary TB is classified as either primary or post-primary
pulmonary TB (the latter is also known as secondary or reactivation TB), and various
studies have confirmed that susceptibility to these is governed by different genes (25).
Although both of these disease states have similar radiological presentations, primary
TB is more common in infants and children (26) than in adults (23% to 34%) (24).
Progressive primary TB describes patients diagnosed with active TB for the first time;
hence, these patients have not had any prior M. tuberculosis infection and are unable
to contain the disease in its latent form due to unknown factors. Since progressive
primary pulmonary TB has a nonspecific radiological appearance, with cavitation
presenting in only 10% to 30% of all cases and in inconsistent parts of the lungs, it is
often misdiagnosed. In most cases, the infection becomes localized and forms a
necrotic granuloma at the initial site of infection (as discussed above), along with hilar
and contiguous mediastinal (paratracheal) lymphadenopathy (i.e., enlarged lymph
nodes, located in the throat), which is a radiological hallmark of primary TB (2, 15, 27).
Over time, calcium is deposited in the granuloma as the host attempts to heal these,
resulting in calcification. Granulomatous diseases, such as TB, are the most common
etiology of lymph node calcification. In cases in which a calcified granuloma (known as
Ghon’s focus/lesion) presents in combination with a calcified/infected lymph node, it is
referred to as a Ghon or Ranke complex, which is often subclinical and usually presents
subpleurally in the lower lobes of the lungs (2, 26, 28). If these nodes are large enough,
they compress adjacent airways, which results in distal atelectasis (a complete or partial
collapsed lung). In primary TB cases, pleural effusion is often observed in combination
with parenchymal and/or nodal abnormalities and may develop 3 to 6 months after
initial infection due to a hypersensitivity response to tuberculoprotein, although this is
more common in adults (30% to 40%) than in children (5% to 10%) (2, 29). These pleural
effusions are usually unilateral and result from hematogenous bacterial invasion of the
pleural space (30). Four entities of primary TB, gangliopulmonary, tuberculous pleuritic,
miliary, and tracheobronchial TB, have been described, and each presents with different
radiological findings (24).

Post-primary TB is diagnosed when a patient presents with active TB for at least a
second time (due to either endogenous reactivation or exogenous reinfection) as a
result of decreased immunity and a subsequent inability to contain the bacilli (2, 31).
Progressive post-primary TB denotes approximately 80% of all clinical cases and
presents with a patchy appearance with unclear linear and nodular opacities (coin
lesions). Post-primary TB does not involve lymph nodes or other organs and, hence, is
typically confined to the lungs, developing either in the apical or the posterior regions
of the upper lobes (83% to 85%)—since these areas are highly oxygenated, promoting
proliferation and allowing M. tuberculosis to thrive— or in the superior regions of the
lower lobes (11% to 14%). Unlike primary TB, post-primary pulmonary TB is more likely
to present with cavitation (40% to 45%), and hence, it is often referred to as cavitary TB
(2, 17, 27). TB lesions (i.e., caseous granulomas) are hypoxic, causing progressive lung
destruction and severe necrosis via the upregulation of host collagenases, such as
matrix metalloproteinase 1 (32). The formation of these large air spaces/cavities allows
semiliquid material to be discharged into the bronchial tree, which then spreads to
other parts of the lungs, resulting in tuberculous bronchopneumonia (33). Furthermore,
with the development of air-fluid levels, the bacilli disseminate, allowing bronchogenic
migration/dissemination along the airways, which is relatively common in most cases
and which results in clear nodules (2 to 4 mm). A tuberculous bronchitis with bronchial
ulceration may also occur when a lymph node perforates into a bronchus (2, 24).
Although they are less common in these cases, granuloma formation (5%) and lobar
lesions are also recognized radiological patterns, with other complications, such as
pleural effusion (16% to 18%), empyema (4%), and fibrosis (41%), occurring in some
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cases (2), as will be discussed below. Radiologically, post-primary TB typically manifests
as parenchymal disease and cavitation, tracheobronchial TB, tuberculous pleuritis, or
other complications (24).

Since early diagnosis is generally associated with increased therapeutic efficacy, a
radiologist should be able to recognize the classical and atypical features of both
primary and post-primary TB. This is especially important when this disease is suspected
in the elderly or in immunocompromised individuals, not only in whom treatment is
already complicated but also in whom the disease is more likely to have atypical
presentations. For a detailed radiological description of the different primary and
post-primary disease states, the authors recommend the work of Curvo-Semedo et al.
(24).

SYMPTOMS OF PULMONARY TB

A “symptom” can be defined as any physical or mental indication/feeling of a
particular disease, experienced by a patient, that differs from the norm in terms of
structure, function, and/or sensation. In this review, local TB symptoms are related to
the site of infection (i.e., the lungs), whereas systemic symptoms refer to reactions
related to the disease which involve the entire body, such as fever. A systemic
complication, on the other hand, can be seen as an invisible symptom to some extent.
These manifestations are not typically experienced by the patient, nor are they visible
during physical examinations, and they do not form part of the diagnosis of the disease
but have a major impact on the overall homeostasis of the body. Figure 2 is an
illustration of the symptoms and complications associated with pulmonary TB. It is
important to note that the clinical presentation depends on various factors, such as the
immune status of the patient, progression of the disease, and the presence of other
coinfections, among others. Although the effects of coinfections and comorbidities on
the pathophysiology of TB are mentioned in certain subsections below, a detailed
discussion of these interactions falls beyond the scope of this review.

FIG 2 Symptoms and complications associated with active pulmonary TB and their interaction(s) with each other. Active pulmonary
TB typically involves local symptoms related to the site of infection (i.e., the lungs), although various systemic symptoms and
complications involving the entire body also occur.
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Local Symptoms of Pulmonary TB

During active TB, the excessive inflammatory immune response seems to promote
lung damage/necrosis via the elevated release of immune mediators, such as transcrip-
tion factors, cytokines, and chemokines. These either drive the expression of tissue-
degrading enzymes (i.e., proteases, such as matrix metalloproteinases) or directly
mediate granuloma formation (19), typically forming 6 to 12 weeks after the initial
infection (27).

Previous studies suggest that post-primary TB begins as either lipoid pneumonia or
a slowly expanding caseous granuloma, often in combination with a microvascular
occlusion characteristic of delayed-type hypersensitivity (34). If a granuloma ruptures
(hence creating a cavity and leading to the severe lung destruction observed in these
patients), the bacilli invade the pleural space and interact with T cells, resulting in the
above-mentioned delayed hypersensitivity reaction to mycobacterial proteins and a
dramatic increase in fluid in the pleural space (2, 27, 35). This reaction is believed to
result in the increased permeability of pleural capillaries to serum proteins, leading to
a further increase in oncotic (osmotic) pleural pressure (35), hence compressing the
lung as a result of pleural effusion. Pleural effusions can be classified as either transu-
dative (occurring due to hydrostatic pressure or low oncotic pressure) or exudative
(occurring due to inflammation and increased capillary permeability), with the latter
being associated with TB. Wang et al. (36) applied a 1H nuclear magnetic resonance
(NMR)-based metabolomics approach to investigate the etiology of tuberculous pleural
effusions. They identified significantly altered levels of metabolites in TB patients with
pleural effusion, including decreased levels of citric acid, lactate, creatine, and acetic
acid (due to bacterial energy and carbon utilization), as well as increased levels of lipids
(associated with the bacterial cell wall) and threonine (either released from host tissue,
to meet the needs for gluconeogenesis and host immunity, or produced directly by M.
tuberculosis). These novel insights may aid in the diagnosis of tuberculous pleural
effusions, which exhibit morphological similarities to the morphologies observed with
malignant and transudative pleural effusions.

The extensive lung compression caused by pleural effusion additionally leads to
severe inflammation, dyspnea, pleurisy, cough, shortness of breath, and chronic bron-
chitis in cases with extensive lung damage (2, 19, 27). Interestingly, a metabolomics
study done by Che et al. (37) identified decreased serum 5-oxoproline levels in patients
with active TB which were associated with cavity formation and, therefore, with
pathological lung damage. This metabolite marker can be useful to assess lung damage
in TB patients in order to provide preventative care and, in doing so, assist with quality
of life post-TB treatment. In rare cases, the granulomatous inflammatory process of the
lymph nodes may also lead to the development of an acquired bronchoesophageal
fistula (2, 26, 27). Other complications associated with progressive lung destruction and
the development of cavities or enlarged air spaces and, hence, with hemolysis may
include aspergilloma (�10%) (2, 27) and empyema (4%) (26). Furthermore, bronchial
stenosis is a known complication in TB patients (27) and may contribute to the
asthma-like symptoms, dyspnea, and wheezing (38). Unfortunately, the exact mecha-
nisms by which bronchial stenosis occurs during TB are not well understood.

As dyspnea develops, an abnormal amount of phlegm (sticky mucus) is produced,
which causes wheezing and progressive coughing (in 85% of all pulmonary cases),
usually with the excretion of this phlegm, often lasting 3 weeks or more (2). In most TB
cases, broncholithiasis occurs due to the extrusion of an adjacent calcified lymph node,
further worsening the coughing and directly resulting in lung destruction, which
eventually leads to hemoptysis (27, 39), with the latter causing death in 5% to 14% of
all patients. This extensive lung damage may also bring about bronchiectasis (71% to
86%), which further adds to the mucus buildup in the lungs and hemoptysis (27).
Although the exact mechanism of mucus hyperproduction has not yet been investi-
gated in TB patients, Cohn et al. (40) studied the role of various lymphocytes (e.g., T
helper cells) and their associated cytokines in individuals suffering from this occurrence
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as a result of asthma. In this study, they were able to link mucus hyperproduction to the
action of T helper 2 (Th2) lymphocytes in the absence of interleukin-4 (IL-4), IL-5,
eosinophils, and mast cells but in conjunction with IL-4 receptor alpha signaling.
Furthermore, Th2 cells without IL-13 were unable to stimulate mucus production, even
in the presence of airway inflammation. IL-9 also stimulated mucus production via an
IL-13-mediated pathway, and IL-13 was additionally shown to act directly on structural
lung cells, most likely specialized epithelial cells (i.e., goblet cells) responsible for mucus
production. Therefore, in asthma cases, mucus hyperproduction is stimulated by airway
inflammation in combination with Th2 lymphocytes and via a single IL-13-mediated
pathway. Previous studies have identified a similar increase in the activity of these
cytokines in TB patients (41, 42), suggesting that this mechanism of mucus hyperpro-
duction proposed for asthma may also be present in the case of active TB.

As the damaged lung tissue starts to heal, fibrosis occurs, which results in architec-
tural changes. This, especially in combination with infiltrating granulomas, can further
lead to fibrosing mediastinitis (although this is rare) (43) and airflow obstruction,
resulting in the previously discussed pulmonary symptoms. Fibrosis also contributes to
post-TB pulmonary impairment/dysfunction (19).

Systemic Symptoms of Pulmonary TB

Apart from the manifestation of various local clinical symptoms of pulmonary TB,
which can directly be linked to the lung infection and the resulting lung damage, the
disease is also associated with several systemic symptoms, such as fever. The previously
discussed tuberculous process itself (resulting in toxin production and increased TNF-�
secretion) and/or the secondary inflammatory processes (e.g., the absorption of toxins
and/or septic decay from damaged bronchi and pulmonary cavities) may result in
TB-related fever (occurring in 60% to 85% of all cases) (44). Fever occurs in three distinct
phases. (i) The heat production phase stimulates heat retention via cutaneous vaso-
constriction, while shivering generates additional heat. This causes the hypothalamus
to increase the body temperature set point, after which (ii) homeostasis between heat
production and heat loss is reached and shivering ceases. The set point lowers back to
normal and (iii) cutaneous vasodilatation results in heat loss in the form of sweating
(45). Although it is largely unclear why TB-related fever occurs primarily during the
night (hence, the term “night sweats”), this occurrence has been associated with the
body’s circadian rhythm: the body temperature is normally lower in the predawn hours
(36.1°C) and rises in the afternoon (�37.4°C). Moreover, since cortisol is a glucocorti-
coid/steroid hormone which modulates both the innate and the acquired immune
responses and in doing so suppresses fever (45, 46), the decreased secretion of this
hormone at night (47) may be the source of TB-related night sweats. Rosha (44) linked
TB-related fever to direct complications (22.5%), TB hypersensitivity (12.5%), drug
resistance (10%), drug reactions (22.5%), as well as other codiseases, such as other lung
infections, malaria, filariasis (a parasitic disease), and amoebic liver abscess (32.5%).
Thus, it would be impractical to link fever to a single cause.

The host immune response may also trigger the development of cachexia (also
known as wasting syndrome), a hallmark of pulmonary TB and the reason that TB was
previously known as “consumption.” Cachexia is characterized by severe, dispropor-
tionate muscle wasting and may result from malabsorption or prolonged anorexia (due
to a loss of appetite). Although the exact underlying pathophysiological mechanism by
which cachexia manifests is poorly understood, it appears to be related to the acute
inflammatory host response associated with M. tuberculosis infection, resulting in the
activation of numerous previously mentioned cytokines, namely, IL-1, IL-2, TNF-�, and
IFN-� (48–50). TNF-� can act directly on muscle cells, stimulating protein loss, facilitated
by nuclear transcription factor �B (NF-�B). This, in turn, increases ubiquitin/proteasome
pathway activity, which is mainly involved in disease-related muscle protein degrada-
tion, thereby promoting muscle weakness and the consequent weight loss and fatigue.
Intermediate steps in this process include the stimulation of TNF-� receptor type 1
(TNFR1) and the increased production of reactive oxygen species (ROS) (48, 51).
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Cytokine activation also results in decreased MyoD protein (a transcription factor
involved in muscle development) and inhibits mRNA activation for myosin synthesis,
resulting in myosin proteolysis. Previous studies have indicated significantly increased
serum TNF-� concentrations in chronic obstructive pulmonary disease (COPD) patients
with cachexia, as well as upregulated NF-�B and inducible nitric oxide synthase in
skeletal muscles, leading to impaired protein synthesis (48). Moreover, O’Connell et al.
(52) used a 1H NMR-based metabolomics approach to investigate the serum metabolic
fingerprint of cachexia in cancer patients. The major metabolic changes associated with
cachexia included increased concentrations of both very-low-density lipoprotein and
low-density lipoprotein, in conjunction with decreased serum glucose levels. Apart
from elucidating these metabolic alterations, this study demonstrated the potential of
metabolomics as a diagnostic tool for cachexia. Since individuals with COPD and
cancer, like individuals with TB, also suffer from weight loss associated with muscle
weakness, further investigations aimed at identifying the proposed mechanism of
cachexia in TB patients will be of great value. This may ultimately help guide medical
interventions to prevent TB-related weight loss.

In addition to the mechanisms suggested above, the severe weight loss seen in TB
patients is potentially related to the plasma concentrations of leptin, the hormone
involved in weight regulation and cell-mediated immunity (53, 54). Various studies have
shown significantly decreased blood leptin concentrations in TB patients compared to
controls. Body fat mass and inflammation independently affect leptin concentrations:
fat is positively correlated with leptin, while C-reactive protein (CRP) and TNF-�
production are inversely associated with leptin. Moreover, CRP and leptin are indepen-
dently associated with a loss of appetite. Thus, a prolonged host immune response
suppresses leptin production, and since leptin is involved in cell-mediated immunity, a
decrease in leptin concentrations may contribute to TB disease severity, especially in
the case of cachexia (50, 54, 55). In addition to decreased body fat and increased
inflammation, the TB-induced variation in the concentrations of several hormones
(including insulin and cortisol) may also potentially mediate and influence leptin
production and weight loss. Moreover, research shows that these abnormal leptin
concentrations normalized with treatment (50, 56) and that TNF-� levels can be
reduced with the administration of thalidomide (�-N-phthalimidoglutarimide), which
has been shown to accelerate weight gain in TB patients (57).

Finally, the hypersensitivity reaction to tuberculoprotein observed in some TB cases
can be portrayed as either erythema nodosum, phlyctenular conjunctivitis, increased
dermal protein hypersensitivity, pleural or pericardial effusion, or reactive polyarthritis,
even before evidence of active disease. However, the simultaneous occurrence of more
than one of these severe reactions in a single patient is rare (58).

Systemic Complications of Pulmonary TB

Active pulmonary TB has long been associated with several less obvious, sometimes
invisible deviations in normal systemic parameters. Although, unlike the clinical symp-
toms, patients are most likely unaware of these complications, the biochemical mech-
anisms leading to these manifestations might hold the key to unlocking various
mysteries regarding TB vaccination, as well as diagnostic and treatment protocols. The
following sections give a brief overview of the current understanding of the mecha-
nisms responsible for some of these complications, including increased oxidative stress,
hyponatremia, hypocholesterolemia, vitamin D deficiency, glucose intolerance, hema-
tological manifestations, and an altered microbiota.

Increased oxidative stress. Increased oxidative stress is a well-known, although
unspecific, occurrence in TB patients (59–61). During the initial stages of M. tuberculosis
infection, a burst of host-generated ROS (via phagocytic cells, such as macrophages)
and reduced glutathione production significantly impact the control of the disease.
Previous studies have demonstrated that reduced glutathione levels not only contrib-
ute to decreased intracellular bacterial survival but also downregulate the overexpres-
sion of proinflammatory cytokines, such as Th2 cells (62). When comparing the sputum
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metabolome profiles of TB-positive and TB-negative individuals, metabolite variations
indicated an increased production of hydrogen peroxide via glucose oxidation, as well
as pronounced oxidative stress, during active disease (63). The increased oxidative
stress has also been associated with DNA damage in these patients (64). Combrink et al.
(65) further showed an overall reduction in oxidative stress levels in TB patients
throughout treatment, which, in turn, caused a time-dependent induction and inhibi-
tion of several enzymes. A better understanding of the underlying cause(s) of TB-
induced oxidative stress could perhaps aid in the development of improved treatment
protocols, which could eliminate the bacteria and alleviate ROS-related complications
simultaneously.

Hyponatremia. The association between pulmonary TB and hyponatremia has been
evident for many years (66, 67). Recent studies observed hyponatremia in more than
50% of all TB cases, an occurrence that is especially prevalent among older patients
(68), with mild and asymptomatic hyponatremia being the most common. The severity
of hyponatremia was shown to be directly proportional to sputum positivity and
extensive involvement of the pulmonary parenchymal lesions (6, 68). Hyponatremia
typically occurs as a result of water retention, when water excretion does not match
oral or intravenous water intake. Various studies have indicated normal adrenal and
renal functions in hyponatremic TB patients, suggesting that the underlying cause
might be attributed to a syndrome of inappropriate antidiuretic hormone secretion
(SIADH) (67, 69). Under normal circumstances, antidiuretic hormone (ADH) is secreted
by the pituitary gland to stimulate increased renal water retention when body fluid
osmolality increases. In the case of SIADH, ADH is continuously secreted, despite a
normal or increased plasma volume, leading to impaired water excretion and, hence,
hyponatremia. Vorherr et al. (70) were the first to demonstrate the link between ADH
and hyponatremia in TB by indicating antidiuretic activity in the active inflammatory
zone of the lungs. This activity was absent in uninvolved lung tissue, M. tuberculosis
cultures, and culture media containing metabolites of M. tuberculosis. The group
accordingly hypothesized that tuberculous lung tissue might either produce ADH,
similar to what is seen in bronchogenic carcinomas, or passively adsorb plasma ADH.
This suggestion was supported when Lee et al. (71) provided evidence of ectopic
ADH production in a TB patient that was triggered by a nonneoplastic infective/
inflammatory condition and that resolved after successful treatment. To date, the
mechanisms and the underlying cause(s) of the observed hyponatremia in TB patients
remain poorly understood; however, the presence thereof should be considered when
treating this infection. In addition to hyponatremia, Olalekan et al. (72) also identified
hyperkalemia and hypochloremia in TB patients receiving treatment. Further insights
into these electrolyte imbalances and the mechanisms causing these imbalances may
shed new light on the predisposition, symptoms, and variations in treatment outcomes
seen in these patients.

Hypocholesterolemia. In a study done in 1979, serum cholesterol concentrations
were significantly lower in TB patients than in their healthy counterparts (7). Since then,
several studies have been done to validate and/or explain this phenomenon. In a recent
metabolomics study, Feng et al. (73) detected decreased serum behenic acid (a fatty
acid which has been shown to increase serum cholesterol levels in humans) in TB-
positive patients compared to healthy individuals. This was attributed to the direct
involvement of cholesterol in the activation of lymphocytes (i.e., CD4 T cells, CD8 T cells,
and �� T cells), as well as in the promotion of IFN-� and TNF-� release during TB
infection. As part of the cell membrane of macrophages, cholesterol is also involved in
the process of M. tuberculosis phagocytosis, whereas in the lymphocyte membrane, this
compound plays an important role in the differentiation and proliferation of cytotoxic
cells, further explaining the decreased cholesterol levels observed in TB patients. Apart
from its direct involvement in the immune response, the decrease in systemic choles-
terol levels has also been associated with a nutritional contribution toward M. tuber-
culosis growth and maintenance, which is essential for the intracellular survival of this
pathogen. The control of M. tuberculosis infection relies heavily on the activation of
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macrophages via IFN-�. This activation not only triggers the release of toxic oxidative
radicals (mentioned above) but also deprives intracellular bacteria of essential nutrients
(74). Although this response to infection decelerates M. tuberculosis replication, the
bacilli can persist in this state due to their ability to use lipids (including sterols) as an
alternative energy source (14). This concept is supported by the recent identification of
the functionality of a gene cluster (mce4), previously recognized to be crucial for
bacterial survival in prolonged infection, as a cholesterol import system that allows M.
tuberculosis to obtain carbon and energy from the cholesterol present in host mem-
branes (75). Various uncharacterized virulence genes have also recently been identified
to have sterol catabolic functions (76, 77), proving that host-derived cholesterol is a
crucial nutrient for bacterial survival in vivo. Furthermore, Martens et al. (78) were able
to link elevated serum cholesterol levels in mice with increased susceptibility to TB. The
rate and severity of tissue necrosis, inflammation, and foamy macrophage formation
increased with the level of hypercholesterolemia. These findings suggest that individ-
uals with high serum cholesterol levels might be more vulnerable to TB, although
further research is needed to explain the different roles that the various lipoproteins
may play in this susceptibility.

Although hypercholesterolemia is typically considered a more predominant health
threat, preterm delivery and lower birth weights of infants have been linked to
maternal hypocholesterolemia (79). Lowered serum cholesterol levels have also been
associated with depression (80), increased suicidal risk (81), and cerebral hemorrhage in
men (82).

Vitamin D deficiency. Lowered serum vitamin D levels have long been associated
with TB patients (10), and although various studies have indicated that a vitamin D
deficiency increases the risk for the activation of latent TB, others have stated the
contrary, posing that the actual M. tuberculosis infection lowers vitamin D levels.
Supporting the latter is the fact that the active form of vitamin D, 1,25(OH)2D, acts as
a modulator for macrophage function, thereby suppressing M. tuberculosis survival and
growth (16). Liu et al. (83) showed that infection-induced activation of Toll-like recep-
tors in macrophages leads to an upregulated expression of the vitamin D receptor and
the vitamin D-1-hydroxylase genes, which in turn leads to the induction of cathelicidin,
an antimicrobial peptide which is crucial in the killing of intracellular M. tuberculosis
bacilli. In addition to this well-known antimicrobial effect of vitamin D, it has also
recently been shown that higher levels of vitamin D lead to the abolishment of
infection-induced accumulation of lipid droplets within the macrophages by down-
regulating the adipogenic function of the proadipogenic peroxisome proliferator-
activated receptor gamma (PPAR�). This function deprives M. tuberculosis of lipids,
which is thought to be the major source of nutrients for this pathogen within macro-
phages (as previously mentioned), thereby inhibiting its growth (84). Lower serum
vitamin D levels can therefore increase the risk of active TB, an observation supported
by the fact that TB incidence is higher in colder seasons (when sun exposure and the
consequent vitamin D synthesis are less), as well as in individuals with lower vitamin D
levels due to either uremic and chronic kidney disease, diet, smoking, ethnicity, or age
(10, 85). Although the addition of vitamin D to anti-TB therapy seems to be the next
logical step, clinical trials have shown that this supplementation indeed does not
reduce the time to sputum culture conversion, which is a surrogate outcome marker for
successful treatment of this disease (86, 87). Further studies are therefore required to
establish the potential role of vitamin D in TB prevention and cure.

Glucose intolerance. In the early years of the 20th century, an American physician,
Howard Root, wrote a treatise describing the association between diabetes mellitus
(DM) and TB after studying 245 patients carrying both burdens (88). His findings have
since been confirmed in numerous epidemiological studies done in various parts of the
world (8, 89–92), all of which concluded that people with DM have an approximately
3-fold greater risk of developing active TB than those without DM (93). Despite the
rising incidence of the convergence of the two epidemics, the basis of this relationship
remains poorly understood. When studying this correlation in human subjects, Gomez
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et al. (94) observed a reduced association of M. tuberculosis with monocytes in DM
cases. This suggests an altered route of entry for the pathogen, which may influence
the downstream activation of signaling pathways in the monocytes of these patients,
thereby enhancing the possibility of pathogen survival. However, although such studies
confirm that DM has an unavoidable effect on the development of TB, investigators still
debate the directionality of this association, given that TB induces interim glucose
intolerance, which dissolves after successful TB treatment (95–98). Various hypotheses
explaining the increased prevalence of glucose intolerance among TB patients have
been put forward. One of these, malnutrition, was suggested because of its well-known
connotation with glucose metabolism disorders. There is also an established associa-
tion between malnutrition and susceptibility to TB. However, upon investigation,
similar body mass index levels were identified in TB patients with normal and abnormal
glucose tolerance outcomes (97). Others have proposed that occult glucose intolerance
predisposes to TB (99) or that the observed glucose intolerance is a reflection of a
prediabetic state and not simply a reaction to M. tuberculosis infection (100). These
suggestions, however, still need to be proven by well-controlled studies. The increased
prevalence of glucose intolerance has also been attributed to the development of stress
diabetes in newly diagnosed TB patients (97). This hypothesis relies on the fact that
stress hormones, i.e., epinephrine, glucagon, and cortisol, are stimulated in response to
an acute infection, which in turn raises the blood glucose levels (101). This proposal is
supported by a metabolomics study in which increased levels of normetanephrine, a
derivative of norepinephrine, and D-gluconic acid �-lactone, a metabolite associated
with diabetes, were detected in the sputum of TB patients but not in that of the
controls (63). When investigating the matter from a different perspective, Karachunskiı̆
et al. (102) observed a relative insulin deficiency and a higher secretory function of the
pancreatic insular apparatus, which decreased its functional reserves as the disease
progressed in pulmonary TB patients with secondary DM. These findings were recently
endorsed by the identification of an altered amino acid metabolism and increased
levels of urinary fatty acids, DNA breakdown products, and bacterial components in TB
patients, which may be directly linked to reduced insulin levels in these individuals (64).

When considering all of the findings presented above, it is clear that the association
between DM and TB is highly complex and that the occurrence can most probably be
linked to a variety of intertwined mechanisms and reactions. Also, since a similar
temporary glucose intolerance has been identified in pneumonia patients, these hy-
potheses may not be unique to TB but, rather, may be a reaction to general lung
infection (97). However, irrespective of the underlying processes, it is evident that the
addition of antidiabetic drugs, such as metformin, to the conventional TB treatment
regimen should be considered. Singhal et al. (103) showed that this cotherapy in TB
patients reduced the intracellular growth of M. tuberculosis by stimulating the produc-
tion of ROS, facilitating phagolysosomal fusion by enhancing the host immune re-
sponse; lowered the TB-induced tissue pathology and inflammation; decreased the TB
severity; increased the efficiency of anti-TB drugs; improved the clinical outcome of the
patients; and reduced the incidence of latent TB.

Hematological manifestations. TB has been associated with various hematological
abnormalities, occurring in 10% of all TB cases, of which normocytic normochromic
anemia (up to 94%) is indicated to be the most common in all forms of TB (i.e.,
pulmonary and disseminated) (9, 104). Anemia can be classified as either anemia of
chronic disease, anemia related to metabolic deficiencies, autoimmune-related anemia,
or anemia resulting from bone marrow complications. In anemia of chronic disease, i.e.,
during TB, reticuloendothelial transfer of iron to the nucleus of erythrocytes is inhibited.
Additionally, the severe inflammation activates reticuloendothelial cells, which not only
sequester iron, leading to hypoferremia and iron-limited erythropoiesis, but also accel-
erates erythrocyte destruction, thereby promoting a compensatory erythropoietin
response. Furthermore, during phagocytosis, lactoferrin, a glycoprotein, is released
from normal white cell granules and binds iron, rendering it unavailable for binding to
transferrin, subsequently impairing normal iron transfer, thereby causing anemia. Also,
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various metabolic deficiencies seen in TB patients are associated with macrocytic
anemia, of which folate and vitamin B12 deficiencies are well-known. These may occur
due to poor nutritional intake or due to increased bacterial utilization during active
disease and have been associated with increased disease progression. Interestingly,
anemia is also evident during anti-TB therapy, which has been ascribed to a decrease
in inflammation and, hence, an increase in iron availability, allowing for the resumption
of normal hematopoiesis, causing reticulocytosis (9). Nonetheless, the observed hema-
tological abnormalities revert to normal following treatment, if the inflammation
subsides (104).

Other hematological abnormalities associated with pulmonary TB include an ele-
vated erythrocyte sedimentation rate (ESR), hypoalbuminemia, leukopenia, leuko-
cytosis, neutropenia, neutrophilia, lymphocytopenia, lymphocytosis, monocytopenia,
monocytosis, and pancytopenia. Pancytopenia is typically observed only in dissemi-
nated TB, in which case thrombocytopenia is also more common; thrombocytosis was
shown to be more prevalent in pulmonary TB cases and has been linked to markers of
inflammation, as estimated by the ESR (9, 104–106). For a detailed review of hemato-
logical abnormalities, the authors recommend the work of Balepur and Schlossberg (9).

Considering the significant disease burden of TB patients, those with other coinfec-
tions are more prone to increased mortality. To this end, Javed et al. (106) investigated
the hematological profiles of pulmonary TB patients without any comorbidity versus
those of patients with codiseases consisting of hepatitis C, HIV infection, diabetes,
and/or myocardial infarction alone or in combination. They indicated that the altera-
tions in the white blood cell count and the levels of neutrophils, lymphocytes, mono-
cytes, and eosinophils are much more pronounced during comorbidities. Similarly,
Abay et al. (107) assessed the hematological manifestations in pulmonary TB patients
with and without HIV infection and indicated significantly worse cases of anemia,
leukopenia, neutropenia, lymphopenia, and thrombocytopenia in the coinfected group.
An increased ESR was observed in both groups. Since any comorbidity drastically
influences anti-TB therapy outcome and quality of life, these not only should be
confirmed as soon as possible (before anti-TB therapy), but also the associated hema-
tological manifestations may possibly be used as indicators to assess the diagnosis,
follow-up care, and monitoring of pulmonary TB patients.

Altered microbiota. In recent years, various studies have emphasized the impor-
tance of resident microbiota (referring to all microorganisms that live in or on mam-
mals) to human health. Alterations in the microbiota composition have been associated
with various pathogenic aspects of diseases, such as obesity (108), type 2 diabetes
(109), rheumatic diseases (110), bacterial vaginosis (111), and several other bacterial
and viral infections (112–114). A few studies have focused on alterations to the
microbiota in patients with pulmonary TB. Cui et al. (11) found that the microbiota in
the sputum of TB patients is more diverse (including 24 phyla) and contains more
foreign and less normal bacteria than the microbiota in the sputum of healthy indi-
viduals (17 phyla). They speculated that the severe host immune response triggered by
the initial M. tuberculosis infection may also eliminate some normal bacteria while at the
same time may damage lung tissue, thereby providing an environment favoring the
invasion of foreign bacteria. These foreign bacteria can then assist with the further
destruction of the lungs, especially in patients with active TB. In contrast, Cheung et al.
(115) found the diversity of sputum microbiota to be similar in TB patients and healthy
controls, although Proteobacteria and Bacteroidetes were more predominant in patient
samples and Firmicutes were more predominant in controls. Results from a different
study (116) also contradicted those found by Cui et al. (11). Here, the diversity of the
microbiota in the sputum of healthy controls was shown to be higher than that in the
sputum of TB patients. This group additionally identified a change in the abundance of
some genera in recurrent TB patients from that in newly infected TB patients and also
found Pseudomonas and the ratio of Pseudomonas to Mycobacterium to be more
abundant in patients with a poor treatment outcome than in those with a successful
outcome, posing that the microbiota composition should be considered when devel-
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oping new treatment regimes. In an attempt to elaborate on these studies, Botero et al.
(117) evaluated the bacterial and fungal communities in sputum, oropharynx, and nasal
respiratory tract samples collected from TB patients. The community structures (bac-
terial and fungal) were similar in the sputum and oropharynx samples, and the
community structures in both of these sets of samples differed from the community
structures in nasal samples, suggesting that, in future, oropharynx samples could be
used to investigate TB-induced microbiota variations.

Apart from the microbiota composition at the site of infection (in this case, the
respiratory system), the gut microbiota has also been strongly associated with the host
immune system (118). To determine the effect of TB on the gut microbiota, Winglee
et al. (119) studied fecal samples from mice infected with M. tuberculosis from the time
of preinfection until death. A significant difference in the microbial composition
(decreased diversity) was observed as early as 6 days postinfection, possibly due to host
immunological changes. More specifically, a significant change in abundance was
observed for Clostridiales (which has been shown to induce regulatory T cells) and
Bacteroidales (which plays a role in the anti-inflammatory response and various other
aspects of the immune system). Although no study to date has focused on the gut
microbiota in human TB patients, a recent metabolomics study observed an altered
phenylalanine metabolism in TB patients, which the investigators ascribed to dysregu-
lated gut microbiota activity (120). Not only was this altered phenylalanine metabolism
supported by Luies and Loots (64), but they additionally linked a gut microbiome
imbalance (specifically, changes in �-resorcylic acid and dihydroferulic acid) at the time
of diagnosis with an eventual poor treatment outcome (121, 122). It should also be
noted that the TB-related variation in the gut microbiota may potentially be influenced
by diet, body mass, and environmental factors (120).

CONCLUSION

Considering the information presented above, it is evident that although proof and
hypotheses explaining the mechanisms responsible for some of the symptoms and
complications of pulmonary TB exist, this field is still in need of extensive elaborative
research. In the past 20 years, newer omics research techniques have contributed
substantially to our understanding of various aspects of TB disease and host response
mechanisms. Further applications of these and other methodologies to better under-
stand TB symptoms and systemic complications may add a fresh perspective on the
disease presentation and the underlying causes leading to this echo. This new knowl-
edge may, in turn, pave the way for the development of more effective treatment
procedures; for example, since most successfully cured TB patients have remaining lung
damage, targeted treatment to prevent such symptoms will drastically impact their
quality of life. However, for such targeted treatment approaches to be effective,
knowledge of the exact immune pathology mechanisms contributing to lung damage
is necessary. Moreover, given the complexity and often late diagnosis of TB, the
findings of such research may perhaps initiate a complete renovation of the currently
used diagnostic methods, possibly using clinical and/or secondary systemic complica-
tions as indicators to assess or aid the diagnosis, follow-up care, and monitoring of
pulmonary TB patients. It is, however, of utmost importance that researchers take
individual variation and atypical disease presentation into account when investigating
these mechanisms. The clinical symptoms of pulmonary TB are often nonspecific, and
in approximately 5% of all adult cases and 60% of all pediatric cases, signs of the
disease are completely absent. Studies aimed at describing the prevalence of TB
symptoms have reported inconsistent results, with the prevalence of a prolonged
cough ranging from 42% to 89% and that of a prolonged fever ranging from 23% to
68%, for example. These variations can most likely be ascribed to the specific study
populations included in the different investigations, seeing that a significant associa-
tion between Asian ethnicity and a lack of symptoms has been identified. In addition,
a lower prevalence of fever, sweating, and hemoptysis, accompanied by a greater
prevalence of dyspnea and concomitant conditions, such as cardiovascular disorders,
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COPD, diabetes, and malignancies, has also been identified in older TB patients
(patients �60 years old) than in their younger counterparts. Sex has furthermore been
classified as an indicator of symptomatic variation, with a persistent cough, sputum
expectoration, and hemoptysis being less common among women than among
men. The identification and characterization of individual variation and atypical
presentations of pulmonary TB may help clinicians to develop patient subgroups,
which in turn may be a valuable tool when performing symptom-based diagnostics.
A better description of these factors may also lead to the development of more
personalized treatment protocols, which could alleviate symptoms more quickly
and more effectively and perhaps lead to shortened treatment periods with fewer
cases of treatment failure and relapse. Although practically impossible, the ideal
research sample cohort would therefore have to include a hefty number of patients,
including those from various age, ethnicity, sex, and other potentially clustering
groups. The combination of globally collected results in a comprehensive database
would be an alternative option. However, irrespective of the approach followed, it
is evident that more focus should be placed on the elucidation of the underlying
biochemical processes which initiate the clinical symptoms and other systemic
complications of pulmonary TB.
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